Efficient spermatogenesis relies on the balance between energy production and expenditure, and thus depends on mitochondrial function. Our goal was to characterize testis mitochondria isolated from the domestic cat for their future use as a model for endangered felids. Respiration parameters were monitored with a Clark-type oxygen electrode, and the mitochondrial transmembrane potential ( « ) was estimated with a TPP + electrode. Testis mitochondria are shown to require low oxygen consumption to generate approximately the same maximum « as other tissues. We also found differences between young and adult cats suggesting a less efficient phosphorylation system in the first group. Furthermore, an interpolation equation of the relation between maximum « and age allowed the prediction of the expected « at each age, as well as possible deviations. The results generate a novel model from a carnivore to further test drugs or environmental contaminants (such as pesticides and herbicides), many of which act on mitochondria and may interfere with the reproduction of wild animals.
Introduction
Mammalian spermatogenesis is a continuum of dramatic biochemical events and morphological alterations starting with a relatively undifferentiated diploid stem cell, the primitive type A spermatogonium, and ending with a highly differentiated haploid cell, the spermatozoon [1] .
Domestic cat spermatogenesis has been the target of recent research, not due to fertility problems in the cat itself, but because of its possible use as a model for endangered wild felids with reduced fertility, due to the taxonomic proximity (family Felidae). Spermatogenic stages [2] , efficiency/alterations of spermatogenesis [3, 4] , proliferation/apoptosis during the spermatogenic cycle [5] and abnormal sperm morphology/DNA nuclear content [6] are some of the aspects that have been analyzed in the cat. However, all processes required for suitable spermatogenesis rely on the balance between energy production and expenditure, and thus are dependent on testicular bioenergetic parameters.
Mitochondria have been recognized as the cell powerhouses for half a century [7] . Dissimilarities in mitochondria from distinct species and tissues in the same organism reflect the relative importance of the metabolic pathways to a given cell or organism [8] . With the exception of glycolysis, mitochondrial-based oxidative phosphorylation is thus paramount for energy production, and any mitochondrial impairment may influence the outcome of spermatogenesis.
Mitochondria generate energy by using the mitochondrial respiratory chain (MRC) a process in which substrates such as pyruvate and fatty acids are oxidized by a sequence of cytochromes with increasing redox potential, releasing small amounts of energy at each step. The MRC actively extrudes protons from the mitochondrial matrix to the inter-membrane space, and since the inner mitochondrial membrane is proton-impermeable, energy is stored as a chemical and electrical gradient ( pH and « , respectively), with the matrix negatively charged. The proton gradient is then used to synthesize ATP from ADP at the enzyme ATP synthase [9] . Besides energy production, mitochondria also play an important role on ROS production and related signaling pathways (for review see [7] ) and on apoptosis (for review see [10] ), which may also have a special interest for germ cell development and regulation.
There is a wide spectrum of environmental toxic agents with deleterious effects on reproduction. Pesticides used to control noxious insects, such as DDE, a metabolite of DDT, were found to cause testis toxicity via mitochondria [11] . Moreover, mercury, a heavy metal, was found to increase mitochondrial oxygen consumption in resting conditions (State 4 respiration) associated with a decrease in mitochondrial electrical potential in hepatoma cells [12] , and had the same effects on sperm respiration [13] . These environmental contaminants were already found in tissues of endangered species such as the Florida panther (Felis concolor coryi) and have been correlated with changes in reproductive parameters such as low sperm concentration, low motility and high percentage of abnormal sperm [14] . Other studies emphasize the importance of accumulation of these substances in fish and small mammals that ultimately became prey to the big cats, acting as bioaccumulators [15] .
Therefore, it was our objective to characterize testis mitochondria isolated from the domestic cat (Felis catus) with the purpose of considering their future use as a biological model for endangered felids. To our knowledge, this is also the first study on mitochondrial bioenergetics in testicular cells from a carnivore.
Material and methods

Materials
All chemicals were obtained from Sigma, St Louis, MO, USA, unless otherwise described.
Isolation of testis mitochondria
Testis from male domestic cats (Felis catus) aged 6-108 months were obtained from private clinics following routine castration procedures. The animals were of mixed breeds (Common European) and presented good health, as evaluated by a general health exam previous to surgery, with the exception of one animal infected with Feline immunodeficiency virus. The animals analyzed were divided in two groups: the young group included animals between 6 and 12 months of age (n = 10) inclusive, and represents pubertal cats in several stages of spermatogenic development that range from having only spermatogonia to tubules with complete spermatogenesis. The adult group includes animals from 13 to 108 months (n = 11) and represents animals with fully active reproductive function [16] . Once collected the testis and epidydimides were immediately put on ice and weighed.
Isolation of testicular mitochondria was carried out as described [17] . Briefly, testes were decapsulated and finely minced several times in an ice-cold isolation medium containing 250 mM sucrose, 0.2 mM EGTA, 0.1 mM EDTA, 5 mM HEPES-KOH (pH 7.4) and 0.1% defatted BSA (bovine serum albumin). The minced blood-free tissue was then resuspended in isolation medium and homogenized with a tightly fitted Potter-Elvjjem homogenizer (Teflon:glass pestle). The homogenate was then centrifuged at 2500 × g for 10 min (Sorvall RC-5C, Plus, SS 34 rotor, 4-8
• C). The resulting supernatant was centrifuged at 10,000 × g for 10 min. The pellet (mitochondrial fraction) was resuspended using a paint brush and repelleted twice at 10,000 × g for 10 min. EGTA, EDTA and defatted BSA were omitted from the washing medium. Mitochondrial protein content was determined by the biuret method, calibrated with BSA.
Measurement of mitochondria isolation yield using citrate synthase activity
Citrate synthase activity was determined to indirectly evaluate the number of mitochondria present in isolated fractions [18] . Briefly, frozen-thawed testis mitochondria (50 g) were incubated with 1 ml of Tris-based media 100 mM Tris, 200 M Acetyl-CoA and 200 M DTNB (5,5V-dithiobis-2-nitrobenzoic acid)]. The absorbance of the suspension was continuously measured at 412 nm under stirring and at 30
• C. After a baseline setting, 100 M oxaloacetate was added. After 100 s of reaction 25 l of 10% Triton X-100 was added to measure total citrate synthase activity. In this protocol, we measured the formation rate of a colored product resulting from the condensation of DTNB and coenzyme A. Our results showed no significant differences in citrate synthase activity, thus indicating that no significant differences in the number of mitochondria per milligram of protein existed in the different groups tested (Table 1) .
Mitochondrial oxygen consumption
Oxygen consumption of isolated testis mitochondria was monitored polarographically with a Clark-type oxygen electrode [19] connected to a suitable recorder in a 2-ml thermostated water-jacketed closed chamber with magnetic stirring, at 27
• C. The standard respiratory medium consisted of 65 mM KCl, 125 mM sucrose, 10 mM Tris, 20 M EGTA, 2.5 mM KH2PO4, pH 7.4. Mitochondria were suspended at a concentration of 0.8 mg/ml in the respiratory medium and were energized with both glutamate-malate and succinate as substrates. Glutamate-malate indirectly supplies electrons to mitochondrial complex I and succinate directly reduces complex II. Rotenone (3 M) was used to inhibit complex I and avoid reverse flow of electrons from complex II to complex I. A small amount of ADP (25 M) was added to induce state 3 respiration. State 4 respiration corresponds to resting oxygen consumption after ATP production. Respiratory control ratio (RCR) and ADP/O ratios were calculated, according to Chance and Williams, in mitochondria energized with glutamate-malate or succinate [20] .
Measurement of mitochondrial transmembrane potential
Mitochondria were energized with 5 mM succinate (plus rotenone), that results in mitochondrial energization by complexes II, III and IV, or 5 mM glutamate-malate, which leads to mitochondrial energization by complexes I, III and IV. The mitochondrial transmembrane potential ( « ) was estimated with a tetraphenyl phosphonium-selective (TPP + ) electrode according to the equation of Kamo et al., without correction for the "passive" binding contribution of TPP + to the mitochondrial membranes [21] . A matrix volume of 1.1 l/mg protein was assumed. Reactions were carried out, at 27
• C, in 1 ml of the reaction media (65 mM KCl, 125 mM sucrose, 10 mM Tris, 20 M EGTA, 2.5 mM KH2PO4, pH 7.4) with 2 M TPP + , and 0.8 mg mitochondria.
Testicular tissue histological analysis
Cat testes ranging from 6 to 24 months were immersion-fixed in Bouin's solution for 24 h. The testis were embedded in paraffin wax and cut into 5 m thick crosssections. The tissue sections were dewaxed, hydrated and stained with hematoxylin and periodic acid/Shiff reagent for histomorphometric analysis. 
Statistical analysis
All statistical analyses were performed using the SPSS (Statistical Package for the Social Sciences Program), version 13.00, software for windows (SPSS Inc., Chicago, IL, USA). All variables were checked for normal distribution. Results are presented as mean ± S.E.M. of the number of experiences indicated. Multiple comparisons were performed using the Mann-Whitney U-test for the non-normal variables and the T-test for the normal variables. P < 0.05 was considered significant. Bivariate correlation (r) in different groups was evaluated by calculating the Pearson correlation coefficient with a two-tailed significance.
Results
Our aim in this study was to characterize the testis as a whole, with all the different cell types necessary for the development of spermatogenesis, and not to particularize between different cell types. Mainly because this is the first study in mitochondria from the testis of the cat, or any other carnivore, and secondly because of limitations presented by the amount of mitochondria in the testis (mg of mitochondrial protein/ml of pellet isolated), approximately 6-8 mg of mitochondrial protein for young and adult group respectively, that made it impossible to divide according to cell type. We also could not join testis of several animals due to different genetic backgrounds and age/spermatogenic development.
Testis characterization according to age
The adult animals showed an increased testis and epididymus weight when compared to young animals (p < 0.05; Fig. 1A ) due to an increase in testis cellularity as observed with histological analysis (Fig. 1B and C) . Irrespectively of this increase of cellularity, our results did not shown any significant differences between citrate synthase activity, thus indicating that there are no significant differences in the number of mitochondria per milligram of protein obtained from the different age groups.
Mitochondrial respiration
All relevant mitochondrial respiratory parameters determined are shown in Table 1 (see also Fig. 2 ) and were measured with succinate as substrate. Respiratory rates using Complex I substrates were very reduced and thus prone to error when measured (data not shown). Due to this reason, we opted for only presenting data with succinate as substrate. The first observation is that testicular mitochondria have a lower oxygen consumption during state 4, although generating approximately the same mitochondrial electrical potential (around 200 mV) when compared to mitochondria extracted from other rat tissues [22, 23] , but with similar values when compared to rat testicular cells [24] as observed in Table 2 .
Younger cats presented a tendency to have a lower ADP/O ratio (P = 0.059) when compared with adult cats. The ADP/O ratio corresponds to the number of nanomoles of ADP phosphorylated by the reduction of 1 nanoatom of oxygen, and measures the efficiency of the mitochondrial phosphorylation system. The result suggests that testicular mitochondria from younger cats consume more oxygen [23] . b Adapted from [22] . c Adapted from [24] .
to phosphorylate the same amount of ADP, thus appearing to have a less efficient phosphorylation system. RCR is the ratio between mitochondrial respiration during state 3 (active ATP production) and 4 (consumption of oxygen after ADP has been phosphorylated) and serves as a measure of mitochondrial coupling. Cat testicular mitochondria presented low RCR values suggesting some degree of uncoupling between oxidation of substrates and ADP phosphorylation, but no differences were observed between experimental groups.
Mitochondrial electrical potential
Transmembrane electrical potential ( « ) is the main component of the electrochemical gradient ( H + ), accounting for more than 90% of the total protonmotive force. Therefore, changes associated with « are of major importance in studies of mitochondrial oxidative phosphorylation. Fluctuations of « in mitochondrial preparations of different age groups were studied in the presence of glutamate-malate (GM) and succinate (Succ) plus rotenone and are registered in Table 1 (see also Fig. 2) . We observed that the maximum developed membrane potential was increased in adult animals when compared with the younger animals group for both substrates (P < 0.05 for GM and P≤0.01 for Succ). The same differences were observed at the repolarization level ( « re-established after ADP phosphorylation). No differences in the phosphorylation lag phase as well as in ADP-induced depolarization were observed. The lag phase is the time needed for mitochondria to recover to the initial steady state and corresponds to the period of ADP phosphorylation. The ADP-induced depolarization is a measurement of the amount of protons that pass through the ATP synthase in the presence of ADP. These results suggest no apparent differences between groups regarding the ATP synthase functionality.
We found a negative correlation (r = (−)0.701, R 2 = 0.491, P ≤ 0.001) between the « generated by complex II substrates and animal age, which was also present when mitochondria were energized by complex I substrates (data not shown; Fig. 3 ). This correlation is also observed when the independent variable is testis weight, instead of age (r = (−)0.691; R 2 = 0.477, P ≤ 0.001). These correlations indicate that when age/testis weight increase the mitochondrial transmembrane electric potential also increases, taking on more negative values. Through the curve estimation program on SPSS, we were able to determine the interpolation equation that better describes the behavior of mitochondrial potential according to the age of the animal: Y = −[147.77/X + (X × 215.82)]. This curve allowed us to predict the expected mitochondrial maximum potential at each age. Interestingly, the two animals that presented a much lower « than expected, thus deviating from the model when compared to age-matched animals, (isolated in the box, Fig. 3 ), had Feline Immunodeficiency Syndrome or testis alterations (smaller testes). This may suggest that conditions with the potential of reducing fertility presented a decreased mitochondrial transmembrane electrical potential.
Discussion
In aerobic living systems, oxidative phosphorylation activity can vary widely to adequately match ATP synthesis to energy demand according to physiological or pathological conditions. In contrast to short-term adaptation, which relies only on a flux modulation through every functional unit of mitochondrial oxidative phosphorylation, chronic adaptation to various rates of ATP consumption can also be achieved by modifying the number, morphology and location of these functional units [25, 26] .
During spermatogenesis, there are also adaptations to different levels of ATP expenditure. It has been previously described by several authors that the dependence of germ cells on glucose and lactate/pyruvate for energy metabolism keeps changing [27] [28] . Spermatogonia, mature spermatozoa, and somatic Sertoli cells exhibit high glycolytic activity, whereas spermatocytes and spermatids produce ATP mainly by mitochondrial oxidative phosphorylation [28] . This difference may explain and/or be explained by differences found in mitochondrial germ cell morphology. During spermatogenesis at least three different types of mitochondria can be observed: the usual cristae-containing orthodox-type mitochondria in Sertoli cells, spermatogonia, preleptotene and leptotene spermatocytes; the intermediate form of mitochondria in leptotene, zygotene spermatocytes and spermatozoa; and the mitochon-dria condensed form in pachytene spermatocytes and spermatids [29] .
Although a more detailed study with individual cell types was not possible given the low yield in terms of functional mitochondrial protein, the differences described between age groups can be explained by changes in testis cellularity. Younger cats present a lower mitochondrial electric potential and a reduced ADP/O ratio i.e. a decrease in phosphorylation efficiency, which may be due to higher spermatogonia-to-spermatocyte ratio with younger animals presenting proportionately less differentiated cells and more spermatogonia. These latter undifferentiated cells are located closer to arterial vessels, implying easier access to oxygen and nutrients [30] , although having increased dependency on glycolysis to obtain energy [25, 27, 28, 30, 31] . Thus, mitochondria from spermatogonia do not need to perform phosphorylative oxidation very efficiently, and present the less efficient/active orthodox form of mitochondria. On the other hand, adult cats with a fully developed and active spermatogenesis present a very low spermatogonia-to-spermatocyte ratio with prevalence of the condensed and very active form on the isolated mitochondrial fraction [29] .
As we can appreciate from the results, testicular mitochondria have different bioenergetic parameters when compared to mitochondria harvested from other tissues mitochondria such as the liver, brain, kidney or heart, especially when measuring state 3 and 4 respiration and RCR, this by using the same isolation protocols and in the same laboratory [22, 23] . The discrepancy was not unexpected since other differences in mitochondrial activity have been observed between different tissues [22, 23] and between different type/localization of mitochondria within a certain kind of tissue [32] . The data strongly suggests that, while the use of liver mitochondria in toxicology studies is certainly important given the prominent role of this organ in substance clearance, the use of testicular mitochondria should be considered the model of election to test drugs affecting testicular cells through the mitochondrial pathway. For example, recently Hase et al. used liver mitochondria to test the effects of Atrazine in sperm [33] and, although our model does not deal with ejaculated sperm, it represents mitochondria isolated from several types of germinal cells including immature spermatozoa and therefore should be considered a more suitable model for these analysis. This system may also be used to test effects of environmental contaminants such as pesticides and herbicides. Permethrin, a popular synthetic pyrethroid insecticide used to control noxious insects in agriculture, forestry and households was suggested to cause mitochondrial membrane impairment in Leydig cells and disrupt testosterone biosynthesis [34] . In this study by Zhang and co-workers, the inner mitochondrial membrane in Leydig cells was disrupted and the cristae were replaced by a denser matrix. Methoxychlor, another pesticide used in many countries, has been shown to induce reproductive abnormalities in male rats, through induction of oxidative stress in the testis [35] . The system presented here could be used to verify alterations in the functionality of testicular mitochondria, in conjunction with the histological and enzymatic approaches used in the latter studies, revealing other possible alterations in the mitochondria induced by these toxicants. Another major aspect in environmental contaminants is the toxicity threshold. This may vary with species and with the tissue within the individual. Therefore, the use of this system could also serve to determine the toxicity threshold for testicular cells and in particular for felid testicular cells, solving a major problem when interpreting the possible effects of determined concentrations of toxicants found in tissues, blood or fur from an animal. Studies on xenobioticinduced reproductive system toxicity have increased in importance since some of the pesticides that were found to cause testis toxicity through mitochondria (such as DDE, a metabolite of DDT [11] ) were already found in the hair, blood and tissues of wild felids [36] making these top of the food chain species possible targets.
Besides the mitochondrial differences observed in testicular tissue, age-dependent variations were also observed. These differences may have implications in the extrapolation of data from different age groups. One example of different drug behavior according to age may arise from drugs that accumulate in mitochondria according to their membrane potential (one example being the alkaloid Berberine; [37] ), given that mitochondria from adult animals can accumulate a higher amount of drug, and therefore be more affected by its presence.
In conclusion, besides a basic insight into the energy production machinery of domestic cat testis, the results presented here also generate a practical and ethically acceptable model relying on material obtained routinely in veterinary clinics and considered a waste of neutering procedures. The present biological system may be useful to further test some of the drugs now being used to rescue fertility (such as antioxidants and energetic substrates) and their effect on germ cells and sperm, as well as the effects of environmental contaminants (such as pesticides and herbicides), many of which acting on mitochondria and interfering on the reproduction of wild animals. Finally, the results from the present investigation also supply an alternative model for studies relating reproductive function and mitochondrial bioenergetics in other carnivores.
